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Abstract 
Studying of mechanical properties of brittle heterogeneous materials with different structural parameters, in particular value of 
porosity and volume of inclusions is very important for both fundamental science and practical applications. Therefore, in this 
paper a multiscale computer model of mechanical behaviour of ceramic composites with different porosity and filler-containing 
pore fraction under shear loading was proposed. The model was developed in the framework of movable cellular automaton 
method. On the basis of numerical calculations an analytical evaluation for the dependence of shear strength and elastic modulus 
of the material on its total porosity and fraction of pores containing filler was proposed.  
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1. Introduction 
Currently, brittle porous materials are widely used in many areas of human activity: industry, building, power 
engineering, medicine. One of the representatives of these materials is the sintered ceramics on the basis of 
nanocrystalline metal oxide, for example zirconium oxide. In the field of medicine such as traumatology and 
orthopedics this ceramics is used in particular for the replacement of bone tissue, i.e. to replace diseased or damaged 
regions of the bone (Arbuthnot (2008)). As the body is functioning bone tissue grows into the pores of the ceramic 
frame (endoprosthesis), the result of that can be considered as some composite. Such critical role of ceramics and the 
corresponding ceramic composite places stringent demands on their mechanical properties, which are determined by 
set of some parameters. The main ones are porosity of the ceramic frame and volume of the bone inclusions (filler). 
Meanwhile, in practice, the combination of the parameters of the pore structure and mechanical properties of the 
prosthesis substantially determine its lifetime and functional application area. It should be noted that despite the fact 
that the process of deformation and fracture of zirconia ceramics under consideration has been studied in many 
papers (Smolin et al. (2006), Davydova et al. (2013), Smolin et al. (2013), Konovalenko et al. (2009), Kalatur et al. 
(2013), Smolin et al. (2011), Konovalenko (2012)), the problem of quantitative correlation between the structure and 
mechanical properties of such materials still requires further study. In this connection it is relevant and necessary to 
know the dependence of the mechanical properties of the ceramic composite on a pore volume and filler content in it 
within a certain range of these parameters. Experimental study of the problem faces with a number of technical 
difficulties that is why it was carried out by means of computer simulation herein.  
Thus, the purpose of this paper is to reveal the functional dependence of the strength and elastic properties of the 
composite mentioned above under shear loading on its total porosity and fraction of pores containing filler using 
computer simulation. In this connection, a two-dimensional model of the mechanical behaviour of ceramic 
composites with different pore volume and fraction of pores containing filler under corresponding type of loading 
was developed for numerical calculations. The model construction was performed in the framework of the multiscale 
approach (Psakhie et al. (2011)) and hierarchical models (Konovalenko et al. (2013)) describing the mechanical 
response of brittle porous media on the basis of movable cellular automaton method (MCA) (Psakhie et al. (2013)). 
Note, that this method has been chosen because it has successfully proved itself in studying mechanical behaviour of 
brittle porous materials from initiation of the first damages till cracks propagation and complete failure (Psakhie et 
al. (2011), Konovalenko et al. (2013), Psakhie et al. (2013)). The calculations were carried out for a model materials 
having mechanical properties of nanocrystalline ZrO2(Y2O3) (yttria-stabilized zirconia) and human cortical bone. 
2. Problem statement 
The investigations were carried out on the basis of the multilevel models constructed previously in the framework 
of movable cellular automata for brittle materials with hierarchical porous structure (Konovalenko et al. (2013)). The 
calculations were carried out for a model material having mechanical properties of nanocrystalline yttria-stabilized 
zirconia with the average pore size greater than the average grain size and two maxima in its pore size distribution 
function (Kalatur et al. (2013)). The total porosity of ceramics varied from 0.225 to 0.345. Porosity associated with 
the first peak of pore size distribution function (C1) was 0.085, and porosity corresponding to the second peak (C2) 
varied from 0.14 to 0.26. Average pore size corresponding to the second peak was 210 mm. For the sake of brevity 
the description of the model system and the results of the calculations are represented only for the mesoscopic scale, 
because pores of this scale (corresponding to the second peak of the pore size distribution function) contained filler 
material and its influence on the mechanical response was most expressed. 
The model plastic material was used as a filler of composite. Response function of the filler automata 
corresponded to the loading diagram with bilinear hardening of this material. Response function of automata of 
composite’s matrix corresponded to the loading diagram of nanocrystalline ZrO2(Y2O3) with total porosity 0.085 and 
having average pore size equal to average grain size (Kalatur et al. (2013)). Modulus of elasticity (E) of the 
composite filler was equal to 20 GPa, Poisson ratio (ν) 0.31, elastic limit (σel) 123 MPa; ultimate stress (strength) 
(σc) and corresponding deformation (εс) were equal to 135 MPa and 0.03, correspondingly. The mechanical 
parameters of the model ceramics were as follows: E = 105 GPa, ν = 0.3, σc= 780 MPa, εс = 0.0074. The perfect 
contact condition was imposed at the interface between the matrix and inclusions of the model composite. Inter-
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automaton bond rupture criterion used in calculations was formulated as a threshold value for intensity of shear 
stresses. 
Three groups of plain porous model specimen were generated. Specimens under consideration had porosity value 
of  0.14, 0.2, 0.26 according to the groups. Each group was consisted of 64 specimens of the same size. Shape of 
specimens corresponded to a rectangular parallelepiped. The specimen length was twice their height and equal to 8.4 
mm. Each group was divided into eight subgroups. Each subgroup was consisted of 8 specimens with the same 
content of plastic filler, but the individual location of pores (or pores filled with filler) in the specimens. Pores of 
model specimen was filled with filler over the entire length of the specimen at the same depth from it’s top surface. 
Degree of pore filling of specimens was characterized by the fraction of specimen height (F), where the pores were 
filled. Specimens under consideration had F equal to 0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1. 
It was supposed that all pores in the ceramics composite under investigation, as well as the model material, were 
equiaxed. The pore size of the model material, according to the second maximum of the ceramics pore size 
distribution function, was equal to 210 μm (Kalatur et al. (2013)). Diameter of the movable cellular automata at the 
scale under consideration, was equal to 70 μm. His choice was determined by the geometrical parameters of a 
representative volume of ceramics at the previous scale of model. The pore structure of the specimens was specified 
by randomly removing individual automata and their six nearest neighbors. Excipient pore filling was specified in 
the model by placing automata with the corresponding properties in the pores. Typical initial structure of model 
specimens is shown in Fig. 1. 
The shear loading was simulated by setting up one and the same horizontal velocity to all automata in the upper 
layer with automata of the lower layer being rigidly fixed. At the initial stage, the velocity of automata of the upper 
layer was increased by the sinusoidal law from 0 to 1 m/s and then was assumed to be constant. This scheme ensured 
a quasisteady regime of loading and allowed dynamic effects to be eliminated until the first damage appeared. 
Duration of the loading velocity increase depended on the size of the specimen and was determined by preliminary 
calculations. All the samples had periodic boundary conditions in the direction of shear loading. The problem was 
solved under plane strain conditions. 
 
 
Fig. 1. Initial structure of model specimens with different value of porosity C2 (a,b,c - 0.14; d,e,f – 0.2; g,h,i – 0.26) and fraction of pores 
containing filler F (a,d,g – 0.3; b,e,h – 0.6; c,f,i - 1). 
Shear strength of model specimen (τ) corresponded to the maximum value of its specific resistance force to 
loading. Elastic properties of ones were determined by the effective shear modulus (G). The τ and G were calculated 
on the basis of loading diagrams of series of 8 specimens (within each subgroup) for each combination of (C2 and F). 
Search method of τ and G was as follows. For each of the eight specimens of each subgroup the Gi and τi was 
evaluated. Values of G and τ for each combination (C2 and F) was calculated as the arithmetic average of τi and Gi 
within each subgroup of specimens. 
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3. Simulation results and discussion 
Influence of filling the pores in ceramics with inclusions on its effective shear modulus (G) and shear strength (τ) 
was investigated on the basis of dependencies G = G(F) and τ = τ(F) presented in Fig. 2. They showed that strength 
and elastic properties of the model specimens depends on the value of C2, and the quantitative content of the plastic 
filler in the composite characterized by the parameter F. In Fig. 2 one can see that the simulation results are well 
approximated by the linear function  
 
BKXY                     ( 1 ) 
 
Here K and B are the parameters possessing their value depending on the value of C2, that is K = K(C2) and 
B = B(C2), and X = F, 0 d X d 1. Thus, τ and G are the functions τ(C2, F) and G(C2, F) defined by the pore structure 
and the specific loading conditions. 
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Fig. 2. Dependence of the effective shear modulus G (a) and threshold value of the shear stress τ (b) of the model composite on the degree of its 
pore filling by plastic inclusions F. 
One way to find dependences K = K(C2) and B = B(C2), is carrying out a series of computer simulations for 
calculating τ and G of the specimens with different values of C2 and F in the considered range. But this method 
requires significant computing resources. In this connection, another method to find dependencies K = K(C2) and 
B = B(C2) was proposed. 
The main point of the proposed approach for finding analytical estimation of K = K(C2) and B = B(C2) is the 
approximation of these dependences on the minimum number of points and subsequent verification of these 
approximations for the values of C2 arbitrarily chosen. The simplest type of nonlinearity can be defined by three 
characteristic points in the range under consideration. For the strength of specimens these characteristic points were 
(Ki;C2i) = (27.04 MPa, 0.14), (33.38 MPa, 0,2), (38.9 MPa, 0.26), and (Bi;C2i) = (146.41 MPa, 0.14), (112.41 MPa, 
0,2), (87.07 MPa, 0.26). For the elastic modulus (Ki;C2i) = (6.96 GPa, 0.14), (8.82 GPa, 0,2), (9.91 GPa, 0.26), and 
(Bi;C2i) = (23.89 GPa, 0.14), (18.66 GPa, 0,2), (14.35 GPa, 0.26). For the sake of brevity we consider the mentioned 
approach in detail only on the example of strength of the model composites, and summarise the corresponding 
results for the elastic properties.  
Numerical calculations showed that the best approximation of the points (Ki;C2i) and (Bi;C2i) for strength was 
obtained on the basis of the exponential and power functions (2), and for the elastic properties – on the basis of 
logarithmic function (3). Approximation of the simulation results concerning strength of composites are shown in 
Fig. 3. 
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Fig. 3. Finding the dependencies K = K(C2) (a) and B = B(C2) (b) for evaluating threshold value of the shear stress τ of the model composite in the 
variation interval of porosity 0.14 d C2 d 0.26 by approximating simulation results by three points (Ki;C2i) and (Bi;C2i) from this range. Sought 
type of the function and its coefficients are shown in the figure. 
588.0
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Thus, the dependencies K = K(C2), B = B(C2) were determined, and Y = Y(C2, F) was determined accordingly. 
After these calculations, the sought analytical dependencies for the numerical estimation of strength (4) and 
elastic (5) properties of the model composite with different value of the parameters C2 and F were found: 
 
2331.4588.0
2 082.2689.85
CeC  FW                      ( 4 ) 
     303.6ln398.15402.16ln778.4 22  CCG F               (5) 
Here 0.14 d C2 d 0.26, 0 d F d 1. 
For verification of the proposed analytical estimations (4) and (5) of mechanical properties of the composite 
depending on C2 and F test calculations were carried out for the specimens with C2=0.1602 and C2=0.2307 (see 
Fig. 4). 
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Fig. 4. Dependence of the effective shear modulus G (a) and threshold value of the shear stress τ (b) of the model composite on the degree of its 
pore filling by plastic inclusions F. Test simulations for the model specimens with C2=0.1602 and C2=0.2307. 
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In Fig. 4. one can see that the simulation results are approximated very well by the linear functions (1) in the 
range of F variation. Thus, the effective shear modulus G of the composite with C2=0.1602 and C2=0.2307 is 
described by the relations (6) and (7) correspondingly. The threshold value of shear stress τ of the composite with 
C2=0.1602 and C2=0.2307 is described by the relations (8) and (9). 
 
121.22467.7  FW ; (C2=0.1602)                      (6) 
371.16403.9  FW ; (C2=0.2307)                      (7) 
228.133876.31  FG ; (C2=0.1602)                      (8) 
275.98966.36  FG ; (C2=0.2307)                      (9) 
 
Comparison of the analytical estimates (4) and (5) with the corresponding estimates obtained on the basis of the 
computer experiment (6-9) showed very good agreement. The difference between analytic evaluations and the 
results of computer calculations does not exceed 1% for the elastic modulus and 3.2% for the strength of composite. 
4. Conclusions 
Thus, in this paper we proposed a computational-analytical approach to the assessment of the strength and elastic 
properties of brittle porous composites with different contents of the plastic filler. It was shown that this approach 
can be successfully used to evaluate the mechanical properties of a brittle material with the known parameters of the 
pore structure, as well as to find the optimal combination of these parameters in order to design new materials. 
Acknowledgements 
This study was supported by the Russian Foundation for Basic Research, project No. 12-08-00379-а. 
References 
Arbuthnot J.E., Cheung G., Balain B., Denehey T., Higgins G., Trevett M.C., 2008. Replacement Arthroplasty of the First Metatarsophalangeal 
Joint Using a Ceramic-Coated Endoprosthesis for the Treatment of Hallux Rigidus. The Journal of Foot and Ankle Surgery 47, 500–504. 
Smolin A.Yu., Konovalenko Ig.S., Kul'Kov S.N., Psakhie S.G., 2006. Quasi-viscous fracture of brittle media with stochastic pore distribution. 
Technical Physics Letters 32, 738-740. 
Davydova M.M., Uvarov S.V., Chudinov V.V., 2013. Fragmentation of brittle materials under quasi static and dynamic loading, The fifth 
international conference DFMN -2013 «Deformation & fracture of materials and nanomaterials», Moscow, Russia, Conference proceedings 
(CD-ROM) http://files.imetran.ru/2013/Sbornik_print_.pdf, 122-123. 
Smolin I.Yu., Eremin M.O., Makarov P.V., Buyakova S.P., Kul'kov S.N.,°Evtushenko E.P., 2013. Numerical modelling of mechanical behaviour 
of model brittle porous materials. Tomsk State University journal of mathematics and mechanics 5, 78–90. 
Konovalenko Ig.S., Smolin A.Yu., Korostelev S.Yu., Psakh'E S.G., 2009. Dependence of the macroscopic elastic properties of porous media on 
the parameters of a stochastic spatial pore distribution. Technical Physics 54, 758-761. 
Kalatur E.S., Kozlova A.V., Buyakova S.P., Kulkov S.N., 2013. Deformation behavior of zirconia-based porous ceramics, IOP Conference 
Series: Materials Science and Engineering. Paper: http://iopscience.iop.org/1757-899X/47/1/012004. 
Smolin A.Y., Roman N.V., Loginova D.S., Konovalenko I.S., Psakhie S.G., 2011. Influence of porosity percolation on mechanical properties of 
ceramic materials. 3D simulation using movable cellular automata. 2nd International Conference on Particle-Based Methods, PARTICLES 
2011. Barcelona, Spain, Code 89485. 
Konovalenko I.S., Dmitriev A.I., Smolin A.Y., Psakhie S.G., 2012. On the estimation of strength properties of porous ceramic coatings . Physical 
Mesomechanics 15, (1-2), 88-93. 
Konovalenko Ig.S., Smolin A.Yu., Psakhie S.G., 2013. Multilevel approach to description of deformation and fracture of brittle media with 
hierarchical porous structure on the basis of movable cellular automaton method. Frattura ed Integrita Strutturale 24, 75 – 80. 
(http://www.gruppofrattura.it/pdf/rivista/numero24/numero_24_art_7.pdf) 
Psakhie S., Shilko E., Smolin A., Astafurov S., Ovcharenko V., 2013. Development of a formalism of movable cellular automaton method for 
numerical modeling of fracture of heterogeneous elastic-plastic materials. Frattura ed Integrita Strutturale 24, 26-59. 
Psakhie S.G., Shilko E.V., Smolin A.Yu, Dimaki A.V., Dmitriev A.I., Konovalenko Ig.S., Astafurov S.V., Zavshek S., 2011. Approach to 
simulation of deformation and fracture of hierarchically organized heterogeneous media, including contrast media. Physical Mesomechanics 
14, 224–248. 
